PIWIs are crucial guardians of genome integrity, particularly in germ cells. While mammalian 19 PIWIs have been primarily studied in mouse and rat, a homologue for the human PIWIL3 gene 20 is absent in the Muridae family, and hence the unique function of PIWIL3 in germ cells cannot 21 be effectively modeled by mouse knockouts. Herein, we investigated the expression, 22 distribution and interaction of PIWIL3 in bovine oocytes. We localized PIWIL3 to mitochondria, 23 and demonstrated that PIWIL3 expression is stringently controlled both spatially and 24 temporally before and after fertilization. Moreover, we identified PIWIL3 in a mitochondrial-25 recruited three-membered complex with TDRKH and PNLDC1, and demonstrated by 26 mutagenesis that PIWIL3 N-terminal arginine modifications are required for complex 27 assembly. Finally we sequenced the piRNAs bound to PIWIL3-TDRKH-PNLDC1 and report here 28 that about 50% of these piRNAs map to transposable elements, recapitulating the important 29 role of PIWIL3 in maintaining genome integrity in mammalian oocytes. 30 65 5 Results 66 PIWIL3 is expressed in the cytoplasm during oocyte maturation and early embryo 67 development 68 Since the subcellular localization of a protein often dictates the mode of action and 69 accessibility to substrates and cofactors, we sought to trace the intracellular distribution of 70 PIWIL3 over developmental stages, to further elucidate the functional role of PIWIL3. While 71 the intracellular distributions of PIWIL1 , PIWIL2 and PIWIL4 have been elucidated in mouse 72 testis 10,15 and human fetal oocytes 14 , the subcellular compartment(s) in which PIWIL3 exerts 73 its function remains uninvestigated to date. Herein, we follow the distribution and expression 74 pattern of PIWIL3 in bovine oocytes and preimplantation embryos, by transiently expressing 75 EGFP-PIWIL3 fusion proteins. 76 We generated EGFP-PIWIL3 fusion constructs (both N-and C-terminal tagging), performed in 77 vitro transcription and directly injected EGFP-PIWIL3 mRNA into bovine oocytes at the 78 germinal vesicle (GV) stage and 2 pro-nuclei (2PN) stage zygotes after in vitro fertilization. 79 Zygotes were cultured further in vitro for up to 8 days (blastocyst stage), during which 80 embryos at various developmental stages post fertilization were harvested. 81 First we confirmed that the entire constructs were translated in the oocytes. Microinjection 82 of the EGFP-PIWIL3 and PIWIL3-EGFP fusion construct into oocytes resulted in proteins of 130 83 kDa, corresponding to the total length of EGFP (26 kDa) and PIWIL3 (100 kDa) (Figure 1a).
Introduction 31
Genomic integrity is critical for faithful propagation within the species. Ensuring genome 32 integrity entails controlling transposable elements (TEs), which are mobile DNA sequences PIWIL3 is present in a complex with TDRKH and PNLDC1 in bovine oocytes 134 Since TDRKH and PIWIL3 fusion constructs co-localize in bovine oocytes, we were interested 135 if these proteins also associate with each other. 136 We therefore proceeded to verify this interaction by reverse co-immunoprecipitation (co-IP) 137 with a TDRKH antibody, followed by MS confirmation of the constituents in TDRKH complexes. 138 To negate the possibility of non-specific proteins binding to GFP instead, we harvested bovine 139 oocytes without mRNA injection for this experiment. By in-solution digestion of TDRKH co-IP 140 eluates, the top three proteins detected were TDRKH, PNLDC1 and PIWIL3, making PIWIL3 141 and PNLDC1 highly confident interactors of TDRKH in bovine oocytes that were identified by 142 many peptide spectra matches (Figure 3a , Supplementary Table S1 ). Other dominant proteins 143 (OGDHL, IMMT, ARMC10 and PHB2) that showed enrichments in the immuno-purified TDRKH 144 complexes were mostly mitochondrial, suggesting again that TDRKH connecting with PIWIL3 145 is docked on the mitochondria in vivo, in agreement with MitoTracker co-staining ( Figure 2d 146 and Supplementary Figure S1 ).
147
To further elucidate if PIWIL3 forms a complex with TDRKH and PNLDC1 simultaneously, or as 148 two binary complexes (TDRKH-PIWIL3 and TDRKH-PNLDC1 respectively), we mildly 149 crosslinked the proteins immuno-purified by TDRKH antibodies, eluted the complexes off 150 Protein A/G-agarose beads, and detected by Western blotting a single complex species 151 of >250kDa ( Figure 3b ). Since we did not observe two species of protein complexes containing 152 TDRKH, and the theoretical combined size of PIWIL3-TDRKH-PNLDC1 alone is around 220kDa, 153 10 we suspect that more proteins contribute to the complex. We report here that PIWIL3 is 154 engaged in a TDRKH complex also including PNLDC1 in bovine oocytes.
155
Using qRT-PCR we examined the expression of PIWIL3, TDRKH and PNLDC1 mRNA in oocytes 156 and preimplantation embryos. The temporal expression pattern of these genes was similar, 157 with expression in oocytes and embryos up to the 8-cell stage and decreased levels at morula 158 and blastocyst stages ( Figure 3c ). Taken together, these results suggest that PIWIL3, TDRKH 159 and PNLDC1 are collectively engaged in a germ cell specific function in vivo. To further characterize the mechanism of PIWIL3-TDRKH interactions, we generated PIWIL3-169 EGFP N-terminal deletion and substitution mutants ( Figure 4a ) and injected in vitro 170 synthesized mRNA into GV stage oocytes, to examine the regions critical for TDRKH 171 interaction. In other animal model systems, PIWI family proteins have been suggested to 172 interact with Tudor domain-containing proteins through symmetrically dimethylated 173 arginines at the N-terminus 16, 17, 19 . We demonstrate here that N-terminal deletion of the 174 GRARVHARG motif from PIWIL3 (G3-G11) abolished PIWIL3 interaction with TDRKH and 175 recruitment to the mitochondrial surface. This is exemplified by the diffuse pattern of N- confirming that the N-terminal GRARVHARG motif in PIWIL3 is indeed essential for TDRKH 178 binding in a higher mammalian model system. 179 We next sought extensively for spectral evidence of symmetric dimethylations that might 180 exist on these arginine residues in the GRARVHARG motif, by affinity purification and mass 181 spectrometry of peptides derived from TDRKH-bound PIWIL3. This was however hampered RNA sequencing is appended in Supplementary information, Table S3 . 225 Next, we examined the RNA species in the TDRKH IP samples to characterize the small RNA Table S3 ). To further 232 confirm the genuine presence of piRNAs, we assessed the RNA length distribution from the Percentage reduction in reads with downstream 1U calculated with respect to Input samples. 246 According to the current model of piRNA biogenesis, the endonuclease Zucchini 247 (phospholipase D family member 6: PLD6) functions to promote piRNA biogenesis by cleaving 248 pre-pre-piRNAs to generate the 5' end of pre-piRNAs. A key characteristic of these 249 intermediates is that they have a uridine directly downstream of the generated piRNA 250 intermediate in the genome 21, 22 . Once PIWI protein loaded with pre-piRNAs complexes with 251 PNLDC1, 3' end trimming by PNLDC1, a PARN family 3'-5' exonuclease, is thought to start. Around 18% of the piRNAs in IP samples are marked by an extension of 1-2 nucleotides.
258
Among it, piRNAs display adenylation predominantly, which is even more pronounced in the 259 IP samples ( Figure S5) indicating that TDRKH-IP piRNAs are more frequently trimmed and then 260 adenylated.
261
Traditionally, piRNAs have been widely associated with TEs and repeat regions. To assess 262 piRNAs in the mammalian PIWIL3/TDRKH complexes in relation to repetitive sequences, we 263 compared the location of mapped small RNAs with the RepeatMasker annotation of the Bos 264 taurus genome. We found that 45% of RNAs in TDRKH IP samples are mapped to transposon 265 sequences, most notably LINE, SINE and LTR elements (Figure 6a ). Within the LINE class, 266 piRNAs map predominantly to L1 and BovB repeats, which is similar to the data previously 267 reported for piRNAs extracted from regular oocyte samples ( Figure S2c) 13, 23 . Based on 268 sequence homology a list was made of putative non-transposon target genes (Table S4) .
18
These genes are not only targeted but also processed via the ping-pong cycle, indicating that 270 they are piRNA targets. 271 We further addressed the chromosomal distribution of piRNA producing loci based on de 272 novo piRNA cluster prediction with proTRAC ( Figure 6b ). We identified 674 distinct piRNA 273 producing loci with a total size of 5 MB. In line with findings from other species, few piRNA 274 clusters contribute to the majority of piRNA reads, as more than 80% of clustered piRNA reads Since a PIWIL3 ortholog is absent from the mouse genome, the function of PIWIL3 has not 296 been studied by gene knockout and has remained largely unknown. Based on genetic deletion 297 of the other 3 Piwi genes Miwi, Mili and Miwi2 in the mouse, it was hypothesized that in 298 mammals PIWI proteins are only essential for male germ cells. Here we reveal on the contrary 299 that PIWIL3 is expressed in the cytoplasm of bovine maturing oocytes. Our data demonstrate 300 that in oocytes from antral follicles, pre-piRNAs/PIWIL3 associated with TDRKH and PNLDC1 301 on mitochondria, most likely revealing the piRNA biogenesis mechanism in mammalian 302 oocytes.
303
TDRKH is a conserved Tudor domain protein localized on mitochondria that is critical for pre-304 piRNA 3' end trimming in diverse animal models. As interacting partner of mouse MIWI,
305
MIWI2 and a lesser extent to MILI, knockout of TDRKH resulted in spermatogenesis arrested 306 in meiosis and reduced levels of mature piRNAs 16, 24, 25 . Various PIWI proteins have been 307 suggested to interact with Tudor proteins through multiple arginine-glycine and arginine-308 alanine (RG/RA) rich clusters at their N termini in either an arginine methylation dependent, 309 or independent manner depending on the species 16, 17, [26] [27] [28] . For the first time in a mammalian 310 system, we identified a symmetrical glycine-arginine-alanine motif in the N terminus of 311 PIWIL3 as a binding site for TDRKH in oocytes, and demonstrated indirectly that post-312 translational modifications on the side chain of R4 and R10 might be critical for TDRKH docking.
313
Whether TDRKH binding requires the arginines to be methylated in PIWIL3 remains to be 314 demonstrated, and indeed it has been shown that TDRKH preferentially recognizes 315 unmethylated arginines in the N-terminus of PIWIL1 28 . 316 Interestingly, in bovine and human oocytes from antral follicles PIWIL3 was the only detected 317 PIWI member 13,29 , while it was absent from testis tissue. TDRKH on the other hand was also 318 strongly expressed in bovine testis and in mice is required for spermatogenesis indicating 319 binding to a variety of Piwi molecules 16 . In mice, it has been reported that TDRKH acts as a 320 key mitochondria-anchored scaffold protein that specifically recruits MIWI to the 321 intermitochondrial cement and tethers PNLDC1 to couple MIWI recruitment and piRNA 322 trimming during pachytene piRNA biogenesis. This TDRKH-mediated scaffolding function is 323 essential for the production of MIWI-piRNAs, MIWI chromatoid body localization, transposon 324 silencing and spermiogenesis 24 . We propose that in bovine oocytes, TDRKH is also important 325 for PIWIL3 recruitment to mitochondria since PIWIL3 physically interacts with TDRKH and co-326 localizes with TDRKH on the mitochondria. This TDRKH binding brings the piRNA-bound 327 PIWIL3 in close proximity to PNLDC1, a deadenylase responsible for the elimination of mRNA 328 3' poly(A) tails and trimming during pre-pachytene and pachytene pre-piRNA 329 maturation 25,30,31 . 330 In silkworms (Bombyx mori) it has been postulated that BmPapi (the silkworm homologue of 331 TDRKH) recruits PIWI-pre-piRNA complexes on the surface of mitochondria to create an 332 optimal platform for trimming. PNLDC1 binds with BmPapi and shortens the 3' end of pre-333 piRNAs to the mature length after which the 3' end is 2'-O-methylated by BmHen1 25 . In our 334 data, sequences enriched in IP samples were slightly shorter (average size 25.2 nt of IP piRNAs 335 versus 25.4 nt of input piRNAs). This was predominantly due to a smaller percentage of RNAs 336 between 30 and 36 nt (Figure 5c ). Moreover, with the support of reduced downstream U bias 337 in the genome of IP samples, our results indicate that PNLDC1 is also responsible for the 338 trimming of pre-piRNAs in mammalian oocytes. It is further suggested that these piRNAs are 
